Fluids venting from the submarine portion of the Marmara Main Fault (part of the North Anatolian Fault system, Turkey) were sampled in Ti bottles deployed by submersible. The fluids consist of mixtures of fault derived gases, fault related cold seep fluids, and ambient seawater; these components can readily be distinguished using the isotopes of He and the He/Ne ratios.
Introduction
Since Kennedy et al. (1997) demonstrated that mantle derived He emanates from the San Andreas Fault, the He isotopic composition of fault-related fluids of numerous different faults has shown that volatiles escape the mantle via crustal pathways (faults) to the surface. This in turn implies the existence of high permeability passages that cross both the mantle-crust boundary and the ductile lower crust. The isotopes of He are ideally suited for tracing these mantle derived fluids at the Earth's surface due to two fortunate circumstances: firstly, the mantle retains isotopically distinct primordial He and, secondly, He concentrations in surface waters are extremely low (He is not retained in the atmosphere and is insoluble in aqueous fluids). As a result, trace inputs of He from the deep earth can readily be identified at the surface, and the source of this He (mantle or crust) can be identified from He isotope measurements.
Frequently, release of mantle He is associated with magmatism and it seems logical that the mantle must melt in order to liberate He (diffusion through solid mantle being too slow to account for the observed fluxes). Escape of mantle-derived He in zones of extension that do not have any obvious association with Contents lists available at SciVerse ScienceDirect journal homepage: www.elsevier.com/locate/epsl active volcanism is well known (Brauer et al., 2009; Crossey et al., 2009; Kennedy and Van Soest, 2007; Kulongoski et al., 2005; Oxburgh and O'Nions, 1987) . These areas (The Eger Rift, Hungary, The Basin and Range province, USA, the Morongo Groundwater Basin, USA, The Pannonian Basin, Hungary) are characterized by high heat flow, thin crust and possible magmatism at depth ('underplating') hence it is not surprising that mantle He percolates to the surface.
The presence of mantle He in regions of active compression not associated with magmatism is less common and more difficult to reconcile with fluid (He) transfer between mantle and shallow crust. Regions of compression/strike-slip faulting are not associated with thinned crust (frequently the reverse) or with heat flow anomalies which might indicate recent underplating by mantle melts. Thus it is difficult to understand how the mantle underlying the fault liberates He (and presumably other volatiles), or how the released volatiles traverse several kms of ductile lower crust. Nevertheless, Z50% of the He along some sections of the San Andreas Fault (SAF), of the Niigata-Kobe tectonic zone and of the North Anatolian Fault is derived from the mantle (Gulec and Hilton, 2006; Gulec et al., 2002; Kennedy et al., 1997; Mutlu et al., 2008; Umeda et al., 2008) . Occurrences of such high fractions of mantle He along these faults are in general limited to restricted sections of fault and that, for the most part, these faults are characterized by significantly lower proportions of mantle He (typically 10-20%) in contrast to the more studied higher 3 He/ 4 He localities. The presence of mantle fluids in faults could also have implications for the faults themselves: the lack of a thermal anomaly on these strike-slip faults is suggestive of low frictional strength (Lachenbruch and Sass, 1980; Zoback and Beroza, 1993) which is inconsistent with the thermomechanical properties of the fault materials. The effective shear stress required for fault slip can be greatly reduced by the presence of high pressure pore fluids. It has been hypothesized that mantle derived fluids could provide a mechanism for weakening strike slip faults (Iio et al., 2002; Kennedy et al., 1997) , although calculations suggest the mantle cannot provide sufficient volatiles (Faulkner and Rutter, 2001) .
Frequent fluid emissions have been observed on the seafloor of the Sea of Marmara (Gé li et al., 2008) closely related to the location of the Marmara Main Fault (MMF), the western extension of the North Anatolian Fault. Thus, the MMF presents an ideal location to study the nature of fault related fluids. Here, we report new data on helium isotopes and concentrations in fluids sampled from the Sea of Marmara. Combined with previous work (Dogan et al., 2009; Gulec and Hilton, 2006; Gulec et al., 2002; Mutlu et al., 2008) , the present study provides new insights on the origin of mantle helium in the Western Marmara area.
Marmara geology and previous work on the NAF
The North Anatolian Fault (NAF) zone in Northern Turkey is a major transform plate boundary that has produced devastating historical earthquakes along its 1200 km length (Ambraseys and Jackson, 2000; Barka, 1992; Sengör et al., 2005) . West of Bolu the fault divides into two main strands, the most active being the northern branch between the Gulf of _ Izmit and S -arköy (Sea of Marmara). The Sea of Marmara is composed of 1000 m deep basins (from east to west: the C -inarcik Basin, the Central Basin and the Tekirdag Basin), separated by two bathymetric highs orientated NE-SW, the Central and Western highs (Fig. 1 ). Free gas emissions in the Sea of Marmara are common and appear to be influenced by earthquake occurrence (Kuscu et al., 2005) . In deeper parts, gas emissions are commonly observed along or near active faults (Armijo et al., 2005; Gé li et al., 2008; Zitter et al., 2008) . Chemical analysis indicates that the gas is mainly methane, and has two different origins: (1) biogenic in the C -inarc -ik Basin origin, and (2) thermogenic in the Western and Central Highs, probably originating from Thrace Basin (Bourry et al., 2009) .
On the western slope of the Tekirdag Basin ( Fig. 1) , numerous densely spaced acoustic anomalies were observed rising from the sea bottom (Gé li et al., 2008) . Based on Ocean Bottom Seismometer (OBS) recordings, clusters of microseismicity were also documented below the western slope of the Tekirdag Basin, suggesting that tectonic strain contributes to maintaining high permeability in fault zones and that the fault network may provide conduits for deep-seated fluids to rise up to the seafloor (Tary et al., 2011) . Both observations support the hypothesis that gas is probably leaking from Thrace Basin reservoirs into the Sea of Marmara, following conduits along faults, active or inactive.
The Thrace basin is an active gas and oil-producing province in Western Turkey, with well-studied geology (Perincek, 1991; Siyako and Huvaz, 2007; Turgut and Eseller, 2000) , geophysics (Goncuoglu et al., 2000; Huvaz et al., 2007) and geochemistry (Coskun, 1997 (Coskun, , 2000 Gürgey, 2009; Gürgey et al., 2005; Hos -görmez et al., 2005; S -en et al., 2009 ). The Late CretaceousEarly Eocene Tethysian evolution of Western Turkey is related to subduction, ophiolite obduction and collision (Okay et al., 2001; Sengör and Yilmaz, 1981 relevance here: (1) the western NAF roughly follows the IntraPontide suture zone and (2) the NAF within the Sea of Marmara cross-cuts hydrocarbon gas reservoirs from the Thrace Basin gas province. Dogan et al., 2009; Gulec and Hilton, 2006; Gulec et al., 2002; Mutlu et al., 2008) . However, the highest ratios (45 Ra) are closely associated with active or recent volcanism mostly in eastern Anatolia and likely reflect magmatic inputs (Gulec and Hilton, 2006 He is present in these fault-associated fluids, this is never greater than $ 20%. However, there are two localities which have higher mantle contributions (Mudurnu and the Tekirdag/Sarkoy region) (de Leeuw et al., 2010; Dogan et al., 2009; Gulec and Hilton, 2006; Gulec et al., 2002; Mutlu et al., 2008) , described below. Mudurnu, an 80 m deep well located south of the main NAF trace (see Dogan et al. (2009) He ¼4.8 Ra) (Dogan et al., 2009) , this despite the fact that there is no significant associated recent volcanism in the region that could provide a potential magmatic source for the high 3 He/ 4 He ratios (Pe-Piper and Piper, 2007) .
Carbon isotope compositions and C/ 3 He ratios indicate that the C accompanying this He is predominantly of crustal origin (de Leeuw et al., 2010; Dogan et al., 2009; Gulec et al., 2002) . In general, the ''carrier gas'' for mantle He is CO 2 , and C/ 3 He ratios of mantle fluids are relatively constant at 2 Â 10 9 ( 750%) (Marty and Jambon, 1987) . C/ 3 He ratios in western Anatolia vary from mantle-like ratios to values much (10 5 times) higher, a feature commonly observed in hydrothermal fluids not directly related to volcanic activity (e.g. Japan, Western USA, Italy) (Gherardi et al., 2005; Kennedy and Van Soest, 2007; Umeda et al., 2007b) . These elevated C/ 3 He ratios result from a combination of phase separation and addition of C from the crust (by dissolution of carbonates or degradation of organic C) (de Leeuw et al., 2010; Gulec and Hilton, 2006) .
Sample descriptions
A total of 31 fluid (gas þseawater) samples from the Sea of Marmara were analyzed, 26 from within basins and 5 from topographic highs; Sampling locations are shown in Fig. 1 , and their locations and descriptions are provided in Table 1 .
The majority of samples targeted fluid emission sites that had previously been identified using acoustic techniques (Gé li et al., 2008) . In some locations, active fluid activity was identified via streams of methane bubbles rising from the seafloor. More commonly, fluid presence was indicated by black reduced sediments and microbial mats on the sea floor with only minor or (more commonly) without visible fluid flow. One exceptional site, known as ''Boris' Bubblers'', (''BB'', after Boris Natal'in, the discoverer; Fig. 1 ) had several vigorous bubble streams emanating from the intersection of the two faults. One of these is a NEtrending splay of the Ganos Thrust which probably represents the Intra-Pontide suture. This fault is cut by an E-W-trending dextral fault which is a splay of the North Anatolian fault. From a cluster of shallow ( o7 km depth) microseismicity Tary et al. (2011) identified predominantly normal movement in the immediate vicinity of BB on a fault oriented NW-SE; the fault orientation and mechanism can be correlated with a series of normal on-land faults in the Ganos mountains (Okay et al., 1999) . BB is located on the northern wall of the dextral fault. Methane bubble streams are emitted from tectonically controlled tension gashes, associated with dextral displacement along the E-W fault cutting the late Cretaceous-Paleocene Intra-Pontide suture. None of the fluid emission sites was associated with a temperature anomaly: fluid temperatures were in the range 1471 1C, consistent with previous work in the region .
Sampling and analytical methods
All fluids analyzed in this study were sampled from the seafloor using specially constructed samplers. The sampler consisted of a Ti bottle of ca. 200 cc capacity connected to a capillary tube (0.5 mm diameter) via a vacuum valve. On board ship (o12 h prior to sampling) the bottle was evacuated to o10 À 3 mbar; the samplers retained this vacuum until deployed on the seafloor. Then, once positioned above the site on the seafloor, fluid was aspirated into the Ti bottle (through the capillary tube) by the vacuum in the bottle. The bottle contents remained at seafloor pressure (the valve was sufficient to seal the bottle). Temperature sensors recorded the temperature adjacent to the capillary tube. Four Ti bottles were available per Nautile dive. Once on board, the contents of the Ti bottle were immediately degassed by transferring the mixture of gases and gas-saturated seawater into an evacuated ( o10 À 5 mbar) volume of $2000 cm 3 following Jean-Baptiste et al. (1991) . Care was taken to ensure that all air was pumped out of transfer pipes between the Ti tube and the expansion volume. After ca. 15 min, the liquid had completely degassed (via the fine jet by which it entered the expansion volume); compressing large bellows on the expansion volume concentrated the sample by a factor of 4. The headspace gases were sealed in four copper pinch-off tubes providing 4 replicates of the gases dissolved in each Ti bottle sample of seawater. The pressure in the Cu tubes at the time of sampling is noted in Table 2 . The copper tubes were returned to the Noble Gas Laboratory at CRPG, Nancy. The tubes were opened under vacuum and the gas samples purified using hot and cold Ti sponge getters and separated from the heavy noble gases using liquid nitrogen cooled activated charcoal. The remaining He and Ne were expanded into a Helix SFT Multicollector noble gas mass spectrometer for He and Ne analysis. Blanks were negligible compared to the samples. The system was calibrated with respect to an air standard which 
Results

Helium concentrations and isotopes
The He isotope data along with He/Ne ratios and tube pressures are reported in Table 2 ; He concentrations reported in Table 2 are their concentrations in the fluids as sampled by the Ti bottles (i.e. seawater and excess gases). The C/He ratios in the Cu tubes (which contain only the gases that were exsolved from the Ti bottles) can be calculated by converting the pressure within the Cu tube into moles as the volumes of the Cu tubes are known. The pressures measured were corrected for the contribution of dissolved and excess atmospheric noble gases in seawater (890 736 mmol L À 1 (Tanaka and Watanabe, 2007) 
Major gas compositions
The major gas composition is available for four sites, 1659, 1662, 1664 (Bourry et al., 2009 ) and 1647 (on a Cu tube; this study). All the gases essentially consist of methane with trace amounts of CO 2 and C2þC3 hydrocarbons.
C/ 3 He ratios
The C/ 3 He ratios calculated from the pressure of gas degassed from the Ti bottle samples (see above; Table 2 
Discussion
We clearly identify the presence of He from the mantle in the majority of the high He/Ne samples (Fig. 2) . For the most part, MMF fluids contain $ 20% mantle He. It seems likely that this ''background'' mantle He signature results from a porous MOHO allowing leakage of mantle He into the crust. The fact that the contribution of mantle derived He is geographically homogeneous with no apparent trend along the fault suggests that the process accounting for mantle He in these fluids has a long wavelength (4500 km). A ''leaky MOHO'' possibly resulting from the transtensional regime of the Sea of Marmara and its surroundings (Sengör et al., 2005) would be consistent with the geographically homogeneous He isotope distribution. By contrast, discrete intrusions created by underplating (which could also result in a 3 He flux) would result in a more heterogeneous He isotope distribution along the MMF and NAF, and would result in high heat flows (which are not observed in this area). This is consistent with similar observations in extensional regimes (Kennedy and Van Soest, 2007; Kulongoski et al., 2005) , where a leaky MOHO is thought to be the origin of a mantle He flux to the surface.
The sample from the Western High, 1662-2, is the only sample where mantle 3 He is certainly absent. Pore fluids from this location have exceptionally high Li concentrations, probably from high temperature water rock interactions (Tryon et al., 2010) . Plausibly, the radiogenic He coupled with elevated Li at this location is the result of alteration of basement rocks. The extremely active site of Boris' Bubblers is clearly different: up to 70% mantle He was found in the BB samples (Fluid 2 in Fig. 2) . Similar quantities of mantle-derived He have been observed on the nearby on-land Gazikoy-Saros Fault (Tekirdag) by Dogan et al. (2009) , essentially from the onshore equivalent of the splay fault where Boris' Bubblers is situated (Fig. 1) . A major source of mantle He is required to account for these He isotope compositions. Unlike other locations on the NAF where mantlelike He is found, it is highly unlikely that the mantle He found in MMF and Gazikoy-Saros Fault fluids is produced from presentday magmatic activity: there is no active volcanism in the region of the Sea of Marmara, and the most recent volcanic activity in Thrace and Anatolia is limited to small volume, rare, Pliocene alkali basalt lavas (Pe-Piper and Piper, 2007) , the closest to the fault lying 35 km to the NW. The fact that this He is not derived from active magmatism is further supported by the low temperatures of the vent fluids: these are not hydrothermal systems associated with recent intrusion of hot magma. This contrasts with the observations of Gulec et al. (2002) along subaerial portions of the NAF which show a close association between extent of mantle He contribution and the age of tectono-magmatic activity in much higher enthalpy fluids. In summary, the He found at BB and Tekirdag is derived either directly from the mantle via high permeability pathways through the lower crust or else there is a crustal reservoir of 'fossil' He that is fortuitously sampled by the fault fluids. These possibilities are discussed in turn below.
A 'fossil' He source
Sources of 'fossil' He consist of mantle He that has been transferred into the crust and stored under high 3 He/(UþTh)
conditions, thereby creating a reservoir in the crust which preserves its initial 3 He/ 4 He ratio. Ancient magmatism which could have mobilized He from the mantle was then trapped by subsequent crystallization in the crust.
It is possible to model the evolution of 3 He/ 4 He in a 'fossil' intrusion ( Fig. 3) . However, constraining U þTh/ 3 He is not straightforward, as this depends on the nature of the intrusion and few pertinent data are available. U þ Th/ 3 He data are available for differentiated (gabbroic) crustal intrusions which could be considered as potential analogs for differentiated crust (Moreira et al., 2003) . However, these intrusions are enriched in U þTh and depleted in 3 He, therefore 3 He/ 4 He rapidly falls to values lower than those found at Boris' Bubblers, and cannot be considered as potential candidates for a ''fossil'' He supply for BB fluids (Fig. 3) . By contrast, there is a lack of suitable data on ultramafic intrusions (which are more likely to preserve high 3 He/ 4 He ratios);
literature values for the average 3 He concentrations (Matsumoto et al., 2001 ) combined with U þTh concentrations (in a separate publication (Malaviarachchi et al., 2010) ) from the Horroman Ophiolite complex, (see Fig. 3 3 He. An example has been reported from the southwestern USA (Gilfillan et al., 2009; Holland and Ballentine, 2006; Sherwood Lollar et al., 1997) , which likely represents the volatiles degassed from magmas and which were subsequently trapped in impermeable traps. Such a reservoir, if intersected by the MMF, could also provide a source of high 3 He/ 4 He 'fossil' He. While difficult to completely exclude this possibility, it nevertheless seems an unlikely source of the MMF He as there are no documented CO 2 reservoirs in the world with 3 He/ 4 He44 Ra.
Direct injection of mantle He into the MMF
A high permeability connection to the mantle seems the most plausible explanation for the non-radiogenic He sampled along the MMF. The subcontinental lithospheric mantle (SCLM) is generally characterized by 3 He/ 4 He slightly more radiogenic than that of the asthenospheric mantle (Gautheron and Moreira, 2002) : 6 Ra is used here as the mantle source of these fluids. ). C f is the initial concentration of 4 He in the fluid He of lower crustal gabbros from (Moreira et al., 2003) .
He of ultramafic intrusions is not directly known (there are few or no analyses of U, Th and He on the same samples) so we combine the He data of Matsumoto et al. (2001) and the U, Th data of Malaviarachchi et al. (2010) . However, we note that 3 He concentrations of peridotites may not be representative as noble gas geochemists select He-rich samples (most rich in fluid and/or melt inclusions) for analysis and U þTh analyses do not take into account trace phases (zircon, apatite, interstitial glass). For the above reasons, it seems more likely that a real system is best represented by the lower bound of the green shaded area and may even fall below this curve. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) (mol m À 3 ) which is calculated from the following equation:
where [ 3 He] f is the final 3 He concentration in the fluid, i.e. that was measured at the surface. Solving this equation between the surface (with the measured isotope ratio r m ) and the crustmantle boundary (mantle isotope ratio r M ) and assuming that, relative to r M , r c is negligible ( $ 0.02 Ra (Ballentine and Burnard, 2002; Oxburgh and O'Nions, 1987) ) yields
where H is the vertical crustal thickness traversed by the fluid. The concentration of 3 He in the fluid is assumed to be conservative (no gains and no losses) and is known from the analyses of fault fluids. J can be expressed as a function of the crustal 4 He production rate, P 4He , normalized to a unit mass of rock (P 4He units are mol kg À 1 yr À 1 ):
In this formulation, the ratio V f /V c is the ratio of the volume of fluid receiving the reaction products ( 4 He) from the volume of rock V c contributing its 4 He. The maximum possible value of this ratio is that of the rock porosity f. r c is the crust density.
In Fig. 4 , we estimate the average fluid flow velocity within the fault to be between 1 and 100 mm yr À 1 for BB, with flow rates 10 times faster than those calculated for other sites along the NAF (e.g. 1664-3¼10-1000 mm yr À 1 ) because, although these fluids have lower 3 He/ 4 He ratios than BB fluids, they are also characterized by lower He concentrations (Table 2 ) and are therefore more sensitive to 4 He ingrowth. The flow rates estimated for the MMF are comparable to those of the San Andreas Fault (1-10 mm yr À 1 (Kennedy et al., 1997) (Becel et al., 2010) , fluid residence times of 0.25-25 Ma are implied. At the slow end, the implied residence times are longer than the age of the fault itself ( o5 Ma (Armijo et al., 2005; Sengör et al., 2005) ). However, the fluid migration pathways are not necessarily related to the present-day fault geometry therefore slow fluid migration remains a plausible hypothesis: prior to initiation of the NAF, the Marmara region was characterized by a large shear zone, inherited from the Intra-Pontide Suture Zone, called the 'North Anatolian Shear Zone' (Sengör et al., 2005) . Faults within the pre-existing shear zone, which was transtensional here (Sengör et al., 2005) could thus have provided pathways for migration of mantle He bearing fluids.
Amagmatic extraction of He from the solid mantle
While the flow rates calculated above can account for how mantle-derived He can traverse the crust, the problem remains on how He can be transferred from the mantle into a fluid phase: a mechanism that releases He from the solid mantle is required.
Simple diffusion of He from peridotite with typical bulk mantle 3 He concentrations into the fault is unlikely to be sufficiently rapid to maintain the flux of mantle He estimated above. The characteristic He diffusion lengthscale ( ¼O(Dt)) at 800 1C is of the order 1 mm yr À 1 (D He ¼2 Â 10 À 9 cm 2 s À 1 (Shuster et al., 2004) ; other estimates of D He are even slower (Trull and Kurz, 1993) ); given a likely mantle 3 He concentration of E9 Â 10 8 atoms g À 1 (Porcelli and Elliott, 2008) , the implied diffusion flux is $ 5 Â 10 -19 mol mm À 2 of fault yr À 1 , at least three orders of magnitude lower than the 3 He flux calculated for BB.
Frictional heating during fault slip has a limited effect (e.g. O(Dt) at 1200 1C $ 2 mm yr À 1 ). Thus, either He is released from a larger volume of mantle than that accessible via diffusion (e.g. by alteration or by melting) and/or the mantle source has higher 3 He concentrations than 'average' mantle. These possibilities are investigated in turn below.
Serpentinising the overlying mantle wedge will liberate mantle He from the wedge without melting (Umeda et al., 2007a) but requires a suitable source of hydrated material. Active subduction did occur in this region before the earliest Eocene (Sengör and Yilmaz, 1981) . Although this slab could have been hydrating the mantle in the region for some time since the Eocene, clearly this is a different tectonic situation from arc situations where significant quantities of recently subducted water are available for serpentinisation. Serpentinisation was probably less important in releasing mantle He in the Marmara area than in Japan, for example, nevertheless serpentinisation cannot be completely excluded as a potential mechanism for extracting mantle He.
Frictional melting in deep faults is well documented in ultramafic massifs (Andersen and Austrheim, 2006; Souquiere and Fabbri, 2010; Ueda et al., 2008) . From field observations of pseudotachylite, Andersen and Austrheim (2006) estimate that 60 kg m À 2 of peridotite can be melted during co-seismic displacement. Assuming 100% melting, and that this melt completely degasses its He, then 60 kg of molten mantle produces of the order 1 Â 10 -12 mol 3 He m À 2 of fault. Thus if (Ballentine and Burnard, 2002) . The connected network porosity available for fluid flow (the porosity relevant here) is difficult to constrain, depending on the wetting properties of the fluids as well as the rock fabric; we modeled fluid velocities for porosities ranging between 0.001 and 0.01 (Hyndman and Shearer, 1989) .
with the C/He ratio of hydrocarbons generated from young sedimentary basins (Prinzhofer et al., 2010) .
The C/ 3 He compositions of the three samples of Boris' Bubblers are highly variable ( Fig. 6 ; Table 2 ). This 10 3 variation in C/He is difficult to explain, given that the fluids were collected within a short space of time (few hours) and short distances ( o50 m) of each other. Although this may be a sampling artifact (preferential He loss from the Cu tubes), the heterogeneity could also be due to shallow level advection of basin derived methane, or possibly due to production or consumption of CH 4 by microbial communities living in the vents of Boris' Bubblers. Although we cannot exclude mechanisms where mantle CO 2 is consumed (bacterially or inorganically), these mechanisms are not a priori necessary to explain the data (Fig. 5 caption) . Dilution of mantle-derived CO 2 rich fluids by CH 4 produced within the basin further seems likely as C/ 3 He ratios are roughly correlated with the fluid's 3 He/ 4 He (Fig. 6) , demonstrating that the C (or methane) rich endmember also carries 4 He. It seems probable therefore that mantle derived CO 2 (with accompanying He) percolated through the fault to shallow levels where it was diluted by CH 4 produced by thermal and bacterial degradation of young, organic rich sediments in the Marmara Basin.
Potential for fault weakening by mantle-derived fluids
The NAF in Anatolia represents a weak heterogeneity in the local lithosphere and is therefore a ''weak'' fault (Provost et al., ( 2003), as is the SAF (Lachenbruch and Sass, 1980) . Similarly to the SAF, the NAF GPS velocity field is best replicated using friction coefficients of 0.05 (with an upper limit of 0.1); the fault would be locked for friction coefficients 40.2. More recently, (Hergert and Heidbach, 2010; Hergert et al., 2011) concluded that friction coefficients of the order 0.05 would be consistent with measured fault velocities in the region studied here. It seems most likely that the major faults in the Sea of Marmara and vicinity are likewise ''weak''.
High pressure fluids localized on the fault planes have been invoked to reduce the effective shear stress required for slip (Faulkner and Rutter, 2001; Hickman et al., 1995) . Mantle derived fluids -H 2 O and CO 2 -potentially provide a mechanism for weakening strike-slip faults. It seems unlikely, however, that these could be responsible for fault weakening on the MMF. First, even where mantle He has been identified (e.g. Boris' Bubblers), the majority of the fluid flux is methane (and presumably entrained water) of shallow origin which cannot contribute to fault lubrication within the crystalline crust. Secondly, it is notable that the principal site of mantle He emanation along the entire length of the NAF is the Boris' Bubblers site where the MMF is intersected by a normal fault (Tary et al., 2011) while elsewhere along the NAF, high 3 He/ 4 He fluids are associated with recent magmatic activity and therefore are probably not due to fault-related fluids (Gulec et al., 2002) . In addition, the BB location falls on a fault intersection associated with higher permeability, thereby increasing fluid advection along this part of the fault: this location cannot be considered to be representative of fault conditions for the MMF or NAF in general (Tary et al., 2011) . A similar observation can be made for the SAF: there is only a single site on the SAF that has 450% mantle He (Mercey Hot Spring), and this site is also associated with a splay fault. The Mercey Hot Spring site is located on the Tesla-Ortigalita fault, a reactivated extensional structure (Fuis and Mooney, 1990 ).
Thus it seems that although mantle He can be advected along fault planes, this phenomenon is limited to very specific strain situations and is not necessarily a general feature of strike-slip faulting, an observation supported by analyses of He isotopes in deep fluids from the San Andreas Fault Observatory at Depth (SAFOD) drill core, where less than 5% of the helium at depth originates from the mantle (Wiersberg and Erzinger, 2007) . Therefore it is difficult to invoke mantle fluids as rheology modifiers during faulting in compressional environments.
Conclusions
Mantle derived He is clearly present in fluids emanating from the Marmara Main Fault, accounting for between o5% and $ 70% of the He. By contrast, the gases themselves are dominated by CH 4 . Dilution of CO 2 -rich mantle fluids by CH 4 generated in the basin itself (which is likely to have very high CH 4 / 4 He ratios)
could account for the compositions observed: CO 2 consuming mechanisms are not needed to account for the data, although such mechanisms cannot be excluded either. Nevertheless, mixing between mantle derived and basin derived fluids has occurred, resulting in a negative correlation between C/ 3 He and 3 He/ 4 He in the fault fluids.
The highest 3 He/ 4 He ratios (highest mantle He contribution) is found at the intersection between the MMF and a splay fault with a normal component. It seems likely that the change in strain regime (from predominantly compressive along the majority of the MMF to strike slip with a normal component (Tary et al., 2011) ) determines the fault permeability. It is possible to constrain the vertical fluid velocity within the fault from the change in He isotope composition if the rate of 4 He production in the crust and the efficiency of transferring this He into the fault itself are known (Kennedy et al., 1997) . It is likely that He in the fault has a vertical velocity of between 1 and 100 mm yr À 1 , corresponding to a 3 He flux of the order 10 À 13 -10 À 15 mol mm À 2 yr À 1 . Melting induced by frictional heating and/or serpentinisation are potential mechanisms for releasing He from the solid mantle.
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